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An i7 e (l)-covariant gauge for the two Higgs doublet model based in the BRST symmetry is 
introduced. This gauge allows one to remove an important number of nonphysical vertices appearing 
in conventional linear gauges, which greatly simplifies the loop calculations, since the the resultant 
theory satisfies QED-like Ward identities. The presence of four ghost interactions in this type of 
gauges and its connection with the BRST symmetry is stressed. The Feynman rules for those new 
vertices that arise in this gauge, as well as for those couplings already present in the linear gauge 
0^ ' but that are modified by this gauge-fixing procedure, are presented. 
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^ ■ I. INTRODUCTION 

Hj ■ 

While gauge invariance plays a central role when defining the classical action of a gauge system, once the latter 
is quantized one must invariably invoke an appropriate gauge-fixing procedure to define a nondegenerate action, 
which means that gauge invariance is to broken explicitly [ljj. The resultant action is not gauge invariant, though 
it is invariant under BRST symmetry b 2|. As a consequence, the Green functions derived from this action cannot 
^7* ■ satisfy simple (QED-like) Ward identities, but they do satisfy more elaborated Slavnov-Taylor identities that are 
Oh' dictated by BRST symmetry. Although in conventional quantization schemes the quantum action of the theory is not 
gauge-invariant, it is still possible to introduce gauge invariance with respect to a subgroup of such a theory. The 
i ' simplest example of this quantization scheme is the nonlinear gauge introduced by K. Fujikawa [3| in the context of 
the electroweak theory, which allows one to construct a quantum action that is invariant under the electromagnetic 
gauge group. Thisgauge-fixing procedure has been widely used in radiative corrections, as it greatly simplifies the 
loop calculations [J. More recently, this quantization scheme has been generalized to include larger gauge groups 
than the electroweak one. In Ref. [5], one gauge-fixing procedure covariant under the SUl(2) x Uy(l) group was 
defined to quantize an electroweak extension based in the SUl(3) x Ux{1) gauge group @. 
ly-j . The main goal of this work is to introduce a general renormalizable nonlinear gauge-fixing procedure for the 
two Higgs doublet model (THDM), which is intended to remove the most nonphysical vertices from the interaction 
Lagrangian, thereby facilitating the calculation of radiative corrections considerably. The relevance of nonlinear 
gauges [lOj in radiative corrections has been emphasized by several authors not only within the context of the standard 
model (SM) [7|, [l0(, but in some of its extensions such as the THDM [ll|, the so-called 331 model [5|, and also in 
the model independent effective Lagrangian approach In this paper we will discuss to some extent the most 

general structure of a nonlinear R^ gauge for the THDM. We will argue that the Faddeev-Popov method (FPM) [l3[ 
fails when applied to this class of gauges because the resultant theory is nonrenormalizable. Instead, the appropriate 
framework is BRST symmetry |2| , which is a powerful formalism suited to quantize Yang-Mills theories with broader 
supplementary conditions, and also more general gauge systems. To make clear this point, let us remind that the 
FPM leads to an action which is bilinear in the ghost and antighost fields as they arise essentially from the integral 
representation of a determinant [l3| . However, this is not the most general situation that can arise since an action 
including four-ghost interactions at the tree level is still consistent with BRST symmetry and the power counting 
criterion of renormalization theory. It turns out that the FPM succeeds when used with conventional linear gauges [l| 
because no four-ghost interaction can arise from loop effects due to the existence of antighost translation invariance, 
1 which in turn arises as a consequence of the fact that the antighost fields appear just through their derivatives. 
However, in the case of a nonlinear gauge, antighost translation invariance is lost as the gauge-fixing functions depend 
on bilinear terms of the gauge fields. These terms are responsible for the appearance of ultraviolet-divergent four- 
ghosts interactions at the one-loop level. This means that renormalizability becomes ruined when the FPM is used 
in conjunction with nonlinear gauges. It is thus convenient to desist from the use of the FPM and construct instead 
the most general action consistent with BRST symmetry and renormalization theory. Although these facts have been 
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1 Invariance under the transformation C a — > C a + c a , with c a an arbitrary constant parameter 
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long known from the study of Yang-Mills theories without spontaneous symmetry breaking (SSB) [lj|, they are less 
known in the context of the SM and its extensions. Only more recently a complete Lagrangian for the ghost sector 
of the SM was presented [HI]. In this work we pursue this issue and present a comprehensive study of nonlinear 
i?£ gauges within the context of the THDM. Apart of eliminating much of the nonphysical vertices appearing in the 
THDM, our gau ge-f ixing procedure reduces in an appropriate limit to the corresponding nonlinear procedure for the 
SM given in Ref . [la] . 

The paper is organized as follows. In Sec. [Til the main features of the THDM are discussed. Sec. Illll is devoted to 
present the most general nonlinear R^ gauge for the THDM. Finally in Sec. IIVI the conclusions are presented. 



II. THE MODEL 



We turn now to the main features of the Higgs sector of the THDM. We will focus on the CP-conserving Higgs 
potential, which is necessary to contextualize the nonlinear gauge. We will also emphasize the phenomenological 
importance of the model and introduce the notation and conventions used throughout the rest of the paper. The 
THDM incorporates two scalar doublets of hypercharge +1: = (<pi,<j>i*) and <&2, — (02^02*)- The most general 
gauge invariant potential can written as 

V(*i,$ 2 ) = /i?($I$i) + M2($2$2)- (mL^I^+H.c.) +A 1 ($ t 1 $ 1 ) 2 
+A 2 ($t$ 2 ) 2 + A 3 ($l$i)($| $ 2 ) + A 4 ($ t 1 $ 2 )(^$i) 

+ 1 (A 5 ($l$ 2 ) 2 + (A«(*t*l) + A 7(^* 2 )) ($1*2) + H.C.) (1) 

It is usual to impose the discrete symmetry $i — > $i and $ 2 — * — 3> 2 hi order to avoid dangerous flavor changing 
neutral current (FCNC) effects. This symmetry is strongly violated by the A6 and A7 terms, but it is softly violated 
by Hi 2 - Nevertheless, all of these terms are essential to obtain the decoupling limit of the model in which only one 
CP-even scalar is light. As long as these violating terms exist, there are two independent energy scales [HI], v (the 
Fermi scale) and Athdm, and the spectrum of Higgs boson masses is such that rrih is of the order of v, whereas m# , 
rriA and m H ± are all of the order of Athdm- In this case, all of the heavy Higgs bosons decouple in the limit of 
Athdm ^> v, according to the decoupling theorem. On the other hand, when the scalar potential does respect the 
discrete symmetry, it is impossible to have two independent energy scales [l6j]. As a consequence, all of the physical 
scalar masses lie on the Fermi scale v. Since v is already fixed by the experiment, a very heavy Higgs boson can only 
arise through a large dimcnsionlcss coupling constant A.;. In this scenario the decoupling theorem is no longer valid, 
thereby opening the possibility for the appearance of nondecoupling effects. In addition, since the scalar potential 
contains some terms that violate the SU (2) custodial symmetry, nondecoupling effects can arise in one-loop induced 
Higgs boson couplings [l7| . 

The scalar potential JIJ has to be diagonalized to yield the mass-eigenstates fields. The charged components of the 
doublets lead to a physical charged Higgs boson and the pseudo-Goldstone boson associated with the W gauge field: 



Gw = <Pt c + <Pi s P> (2) 
H ± = -<t>fsp + <t>tcp, (3) 

with tan/3 = ^2/^1, being (V2/V2) the vacuum expectation value (VEV) associated with $1 ($2), and m 2 H± = 

— {v\ + u|)(A4 + A5 — 2fif 2 /( v i v 2))/'2- Also, we have included the shorthand notation sp = sin/3 and cp = cos/3. 
On the other hand, the imaginary part of the neutral components <fqj defines the neutral CP-odd scalar and the 
pseudo-Goldstone boson associated with the Z gauge boson. The corresponding rotation is given by 



Gz = 4>u^ + 4>lisp, (4) 

A=-$j8(,+4% I c f i, (5) 

where m 2 A = — (v\ + U2XA5 — ^12/(^1^2))- Finally, the real part of the neutral components of the doublets defines 
the CP-even Higgs bosons h and H. The mass matrix is given by 

M Re = ( m " mi2 ) , (6) 

V mi2 TO22 / w 



3 



where 



m u = 2vfXi + — M? 2 , (7) 
m 22 = A 2 + — /ii 2 , (8) 
mu = Ul«2(A3 + A4 + A5) - M? 2 - ( 9 ) 



The physical CP-even states, ft. and , are given by 



where 



H = <f>° 1R C a + $ R S a , (10) 

h = -</>i R s a + 4% R c a> (11) 



tan2 Q = 2Wl2 , (12) 
mu - m 22 



and 
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mu + m-22 ± y(mii - m-22) 2 + 4to^ 2 . (13) 



III. THE GAUGE-FIXING PROCEDURE 

As already mentioned, the FPM fails to quantize Yang-Mills theories with more general supplementary conditions 
than the linear ones. To quantize Yang-Mills theories involving more general gauge- fixing functions or either more 
general gauge systems, it is thus necessary to invoke BRST symmetry. Although this symmetry can be implemented 
in conventional field theory 0, Gil , it arises more naturally within the context of the field-antifield formalism [lj| . 
Therefore, in order to clarify our presentation as much as possible, we will present a brief discussion of this formalism. 
Although the following discussion is rather general, we will focus on the properties of Yang-Mills systems. The starting 
point is the introduction of an antificld for each field present in the theory. It is assumed that the dynamical degrees 
of freedom of the gauge system are characterized by the matter, gauge, ghost (C a ), antighost (C a ), and auxiliary 
(B a ) fields. The original action, which will be denoted by So, is a functional of the matter and the gauge fields only, 
but this configuration is extended to include the ghost fields because they are necessary to quantize the theory. A 
ghost field for each gauge parameter is introduced. The ghost fields have opposite statistics to that of the gauge 
parameters. To gauge fix and quantize the theory, it is necessary to introduce the so-called trivial pairs, namely the 
antighost and auxiliary fields. We let <I> A run over all these fields. For each & A , an antifield & A is introduced, with 
opposite statistics to & A and a ghost number equal to — gh($ A ) — 1, where gh($> A ) is the ghost number of $> A . It is 
for matter, gauge, and auxiliary fields, +1 for ghosts, and —1 for antighosts. In this extended configuration space 
a symplectic structure is introduced through left and right differentiation, defined for two functional F and G as: 

1 ' ' 5<I> A 6<P* A 5$* A S$ A ' { ' 

In particular, the fundamental antibrackets are given by 

(3> A ,3> B )=5 A , (15) 
= ,^) = 0. (16) 

The extended action is a bosonic functional of the fields and the antifields, with ghost number zero, which 

satisfies the master equation defined by 

( S)lS)= 2^M = o. (17) 
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The antibrackets serve to define the extended BRST transformations: 

SrS 



5 B <f> A = (S,<S> A ) 



6<f>* 
SrS 



(18) 
(19) 



Thus, the BRST transformations are generated by the extended action, which is invariant under these transformations 
due to the master equation as its variation is SbS — (S, S). On the other hand, not all the solutions of the master 
equation are of interest, but only those called proper solutions (l9| . A proper solution must make contact with the 
initial theory, which means to impose the following boundary condition on S: 



S[$,**]|*.=o = SbM, 



(20) 



where <f> runs only over the original fields, i.e., matter and gauge fields. The proper solution S can be expanded in a 
power series in antificlds: 



S[$,**] = So[<f>] + (6 B & A )Q* 



(21) 



in which all the gauge-structure tensors characterizing the gauge system appear. In this sense, the proper solution 
S is the generating functional of the gauge-structure tensors. S also generates the gauge algebra through the master 
equation. So, classically a gauge system is completely determined when the proper solution S is established and the 
master equation is calculated, which yields the relations that must be satisfied by the gauge-structure tensors. In the 
simplest gauge systems, such as Yang-Mills theories, a solution of the master equation is given by 



S[^^*} = So[ ( f>} + (S B ^ A W J 



(22) 



This action is bosonic and has ghost number zero as required. It is easy to show that this action is a solution of the 
master equation and accurately reproduces the well-known gauge algebra of Yang-Mills theories. 

We turn now to the quantum analysis of the gauge system. To quantize the theory, one starts by fixing the gauge. 
Since the extended action is degenerate, it cannot be quantized directly. Furthermore, the antifields do not represent 
true degrees of freedom, so they must be removed before quantizing the theory. However they cannot be just set to 
zero since Sq is degenerate. One can remove the antifields instead through a nontrivial procedure and at the same 
time lift the degeneration of the theory. The antifields can be eliminated by introducing a fermionic functional of the 
fields, ^[Q], with ghost number —1, such that 



<5*[$] 



S$ A 



(23) 



Note that it is not necessary to distinguish between left- and right-differentiation. In defining a gauge- fixing procedure, 
the presence of the trivial pairs, C a and B a , is necessary since the only fields with ghost number —1 are precisely the 
antighosts. By noting that (6b& A )&a = (Sb^ A )(8^]/5^ a = the proper solution takes the form 



S[<S>,SV/S<!>] = S [(p] + 



(24) 



This is the gauge-fixed BRST action, which is invariant under the well-known BRST transformations [2J . From now 
on, we will denote these transformations by the symbol S. It should be noted that, in contrast with the extended 
action S, Sq + S"i>[Q] is not degenerate. In general, the nilpotency of S is only guaranteed on-shell, i.e., only after 
using the equations of motion, but in the case of Yang-Mills theories, 5 2 = even off-shell. 

We now proceed to define the most general fermionic functional ^[$] for the electroweak group SUl{2) x C/y(l), 
consistent with renormalization theory. The most general \& functional with ghost number —1 can be written as 
follows: 



* = / d 



C a [f a + |B a 



5£ 



c C b C 



(25) 



where f a and / are the gauge-fixing functions associated with the groups SUl(2) and Uy{l), respectively. They 
are restricted by renormalizability to be at most quadratic functions of the gauge and the scalar fields. The bosonic 
constant £ is the so-called gauge parameter. In general there is one such parameter for each group, but we have used 
the same by simplicity. B a and B are the auxiliary fields associated with the groups SUl(2) and t/y(l), respectively. 
Note that the term ge abc C a C b C c cannot exist in the Faddeev-Popov approach, though its presence is necessary to get 
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renormalizability when the gauge-fixing functions are nonlinear. Using the usual BRST transformations, we obtain 
for the W variation 

5V = J d 4 x{^B a B a + g(f a + 2e abc C b C c ^)B a + ^BB + fB 

~C a {8 B J a ) - C{8 B J) - g 2 C a C b C a C b ). (26) 

On the other hand, since the auxiliary fields B a and B appear quadratically, they can be integrated out. Since the 
coefficients of the quadratic terms do not depend on the fields, their integration is equivalent to use the corresponding 
equations of motion in the gauge-fixed BRST action. Once this is done, we obtain an effective action defined by the 
following effective Lagrangian 

^eff ~ ^THDM + Cb + ^Fi (27) 

where Cthdm is the gauge invariant Lagrangian of the THDM, whereas Cb and Cf arise from the action 8^> . Cb is 
the gauge-fixing term, which can be written as 

C B = ~f a f a -±(f) 2 . (28) 

On the other hand, Cf represents the ghost sector and it is given by 

C F = -C a (5f a )-C(5f) 

_^9 e abcja^b c c + g 2 Q _ l^ C a C b C a C b . (29) 

While the first two terms correspond to those arising from the FPM, the last two ones do not appear when this 
framework is used, ft is important to note that the 2g/£e abc f a C b C c term can contribute to some class of Green 
functions yet at the one-loop level, a fact to be considered with dealing with radiative corrections. 

A. The nonlinear gauge-fixing functions 

We are now ready to discuss the gauge-fixing functions f a and / in the context of the THDM. Our main aim is 
to remove the most unphysical vertices that are generated by the Higgs kinetic-energy term. We will take advantage 
of the fact that every coupling involving at least one pseudo-Goldstone boson can be modified or removed from 
the theory leaving unaltered the S matrix. Also, gauge freedom allows us to modify the Yang-Mills sector in a 
nontrivial way. Bearing this in mind, the first step in our strategy consist in defining a gauge-fixing procedure for 
the charged W gauge field covariant under the U e (l) group. This means that the covariant derivative associated with 
this group must be used instead of the ordinary one. An adequate extension of this derivative allows us to eliminate 
not only the unphysical vertex WGwl but also the WG\yZ one, and simultaneously guarantees a highly symmetric 
behavior of the theory. The second stage in our program consists in introducing gauge-fixing functions nonlinear 
in the scalar sector, meant to remove various unphysical quartic vertices, which involve interactions between gauge 
bosons, pseudo-Goldstone bosons, and physical scalar bosons. We thus propose the following gauge-fixing functions 
for the THDM: 

f a = fv + fs, (30) 
/ = fv + fs, (31) 

where 

- (5 ab d^-g'e 3ab B^W b », (32) 
fs = { E [*.V ~ ^^Oi - #SiK + ie 3ab a b )^- 

+ie 3ab (cp^\ + sf^^ic^x + S/3 $ 2 )}, (33) 



6 



and 



fv = d^, 



(34) 
(35) 



In the above expressions, = (0, Vi/y/2), a a are the Pauli matrices, and and -B M are the gauge fields associated 
with the electroweak group. Our gauge-fixing functions contain the conventional linear functions as a particular case. 
In fact, they are obtained when e 3ab is set to zero. All these functions are Hermitian as required. Also, we have 
introduced the linear combination of Higgs doublets c^$i + s / 3$2, which is necessary in order to avoid the presence 
of terms involving only physical fields. In other words, any term appearing in /g and fs involves the presence of at 
least one unphysical scalar. It is worth mentioning that this gauge-fixing procedure contains as a particular case an 
analogous gauge scheme for the minimal SM [l5[, which becomes evident when the $i doublet is associated with the 
SM one and f3 is set to zero 

To fully appreciate the structure of the gauge-fixing functions, it is convenient to express them in terms of mass 
eigenstates fields. To this end, we use the following definitions: 



f 
f A 



cwf- 



swf, 
cwf, 



where sw (cw) is the sine (cosine) of the weak angle. We then obtain for the vector sector 



/ 



JV 



and for the scalar sector 



fs 

fi 



2"^ 

-£mzGz, 



(36) 

(37) 
(38) 



(39) 
(40) 
(41) 



(42) 

(43) 
(44) 



where ip° = v + cp- a H + sp^ a h and = d^ — ig'B^, being g' the coupling constant associated with the Uy (1) group. 
We can see that both fy and /<t arc nonlinear and transform covariantly under the U e (l) group, as contains the 
covariant derivative associated with this group. 

The gauge-fixing Lagrangian, C b , can then be written as 



Cr = £ 



BV 



C 



BS 



C 



BSV, 



(45) 



where 



C-bv — 



Cbs 



-bsv 



-xfvfv T^(fv) 2 T^(fv) 2 



2C 



2C 



'ffsfs 2£^s) 2 
7 (fv fs + fs fv) ~ ^jfvfs 



'JL 
2 



(D^W+^iv - iG z )G^ - (D^W+niv + iGz)G^ 



m z G z d„Z». 



(46) 



(47) 



(48) 
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We now proceed to investigate the consequences of these gauge-fixing terms on the gauge invariant Lagrangian of 
the THDM. Feynman rules for the THDM in conventional linear gauges have been discussed by several authors 0, 
[20l . l2ll . [H, [H, Hil]. Here, we will present only those couplings which are affected by our nonlinear gauge-fixing 
procedure. First of all, the term Cbv defines the propagators of the gauge fields and also modifies nontrivially the 
Lorentz structure of the trilinear and quartic vertices arising from the Yang-Mills sector. To clarify this point, it is 
convenient to write down the sum of these two terms: 

Cy — C-ym + £bv 

= -\{D^W+ - D v W+)^{t)^W +v - D"W +lt ) 



\z^z» v - \f pv f^ 



-i<J 



swF^ + c w Z pv + ^(W-W+ - W~W+) 



W~' i W + '' 



~(D,w + nHB„w + n - ±(d,zn 2 ^(^) 2 , (49) 

where — d p — igW^, being g the constant coupling associated with the SUl{2) group. It is thus evident that, with 
the exception of the WWWW vertex, all trilinear and quartic vertices are modified by the gauge fixing procedure. 
Since the term that introduces the modifications on these vertices is invariant under the U e (l) group, the trilinear 
electromagnetic vertices satisfy QED-like Ward identities. This fact is relevant for radiative corrections as such a 
symmetry greatly simplifies this class of calculations. On the other hand, as it can be appreciated from the above La- 
grangian, the trilinear WWV (V = 7, Z) vertex is modified in a nontrivial way by this gauge-fixing procedure. With 
the exception of the WWWW vertex, the quartic interactions WWW are modified too. They now are gauge depend- 
ing, i.e., they depend on the £ gauge parameter. The vertex functions associated with the V fl (ki)W +x (k2)W~ p (k 3 ) 
and Vf'V 2 W +x W~ p couplings are given by igv^\ PP (ki, k 2 , k 3 ) and igv\gv^ \ PP lv i respectively, where 

F\ pp (ki,k 2 ,k 3 ) = (k 2 - k 3 ) p g Xp + (k 3 ~ k x + —k 2 ) x g Pfi 

+ (fci -k 2 - — k 3 ) p g Xp , (50) 

Fxpuu = -2g^g\ P + f 1 - ^j^j (g\ p g pv + g pp g\v) , (51) 

where all momenta are token incoming. In addition, we have introduced the following definitions: 

-1, V\V 2 = 77 

= i -f' ™=7*. (52) 

-7F, v 1 v 2 =zz, 



9v = ( 9SW ' l = l (53) 

1 gcw, v = z. 

As for the Cbs term, it defines the masses of the Gw and Gz fields and modifies some unphysical couplings arising 
from the Higgs potential. In this gauge, the couplings between scalar fields arise solely from the sum of the following 
terms 

C s = -V($i,$ 2 )+£bs 

= ~ \im\G% - 9 ^{^ + G 2 z )G w G+ v . (54) 

From this expression, it is clear that the gauge-fixing procedure modifies the strength of the couplings HG^G^, 
hG^rG^r, H 2 G^ / G^ V , h^G^Gyy-, HhG^G^, and G\G^ / G J ^ V . The modified Feynman rules are shown in Tabled] 
The physical couplings remain unchanged, as required. 
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TABLE I: Nonphysical couplings of the Higgs potential that are modified by the nonlinear gauge-fixing procedure. 



Coupling 



HHG W G W 



hhG w G w 



GzGzG^yG w 



HhG w G w 



Vertex Function 



2m 



H ±S a+ p 



s 2/3 



s 2/3 



+ 2m 2 w £c 



2m, 



± c a -f3 + 



m H s 2a C Q 



-i h( c g-3Q+3e Q + /a)3 



iq' A I 2 2 2 2 ~~ 7, 2 >.\ 

(m H c a „ (3 + m h s a _p + 2m w £) 



-ig- I m 2 „ ( m h~ m H ) s 2c,s 2(o 

I m H ±s 2 ( a -f3) 



-in 



"20 



a- 13) 



(m 2 H + 2m w i) Cj3- a 



\\ + 2m w £) ■ 



'0 -a 



We now turn to discuss the dynamical implications of the term Cbsv- This term affects considerably the Higgs 
kinetic-energy sector of the theory since it removes several unphysical vertices. When these two terms are combined, 
we obtain 



where 



2 i 



i=l 



=h,H,A,G z 



b+=H+,G+ 



If] 



-r{W-[-2G+& i S 1 + 2iG+ v d»G z + S 2 8»H+ - H+d»S 2 



-i(H+d^A - Ad"H + ) - ie{A^ ~ — Z»)(S 2 - iA)H + ] - h.c.} 

c w 

Z^ a {S 2 d^P 1 - P 1 d»S 2 + S 1 d»P 2 - P 2 d»S 1 ) 



2cw 



+8 f} - a (Si& i Pi - Pid^Sx + P 2 d»S 2 ~ S 2 d»P 2 )} 
+ie(A ' C2W 



S 2W 



2fA A M i C2W A i C m_Z Z^ 



s 2 \v 



1 



'2W 



2s 2 " M 



W-W + ^)(G^G+, + H-H+ 



~(w-w^ 



2c 1 M 



Z^)(v 2 + 2vSi + h 2 + H 2 + A 2 + G%), 



(55) 



51 — c/3- a H + S/3- a h, 

5 2 = -sp-aH + c/3- a h, 



(56) 
(57) 



G z , (58) 
P 2 = sp-aA + c^Gz- (59) 

In conventional linear gauges, only the mixing terms W — Gw and Z — Gz are removed from the theory. In contrast, 
our gauge-fixing procedure also removes the unphysical vertices WGwj, WG\yZ 7 HWGyyy, hWGwl, GzWGwl, 
HWGwZ, hWGwZ, and GzWGy/Z. In addition, the unphysical vertices HWGw, hWGw, and GzWGw are 
modified. The Feynman rules for the modified vertices are given in Table |TTJ Once again, note that the couplings 
involving only physical scalars are not modified by the gauge-fixing procedure. 
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TABLE II: Nonphysical coupling of the Higgs-Kinetic energy term that are affected by the nonlinear gauge-fixing procedure. 
Notices that the vertices which vanish in this gauge but not in conventional ones are indicated. In this Table, <f> a stands for h 
o H. 



Coupling 


Vertex Function 


Coupling 


Vertex Function 


ff(fci)W±(fe)G* (fe 3 ) 




h{k 1 )W^(k 2 )Gl r (k z ) 


^figki^sp-a 


Gz(k 1 )W^(k 2 )G^ / (* s ) 




V„W±G* 





V„W±<f> a G* 





V^WtGzG^ 






B. The ghost sector 



Let us now discuss the structure of the ghost sector. It is convenient to introduce the following definitions for the 
ghost fields 



C ± = ±={C 1 T iC 2 ), 
C A — swC^ + cwC, 

and similar expressions for the antighost fields. We can then write the corresponding Lagrangian as follows: 



where 



Cf = CfVI + £-FSl + £fV2 + C-FS2 + £ 



F3, 



C FV1 = -C~(5f+) - C+(5fy) - C z (5f z ) - C A (5f A ), 
Cfsi = -C-(5f+)-C+(Sfs)-C z (5fZ), 



(60) 

(61) 
(62) 



(63) 

(64) 
(65) 



-FV2 — — 



C 



FS2 = 



2ig 

+ (cwC z + s w C A )(f+C- - fyC+) + (c w f z + s w f A )(C-C+ - C+C- 



(fvC+ - f+C-)(c w C z + s w C A ) 



(fs C+ ~ ftC-){c w C z + s w C A ) 



+ (c W C z + s w C A )(f+C- - f s C+) + c w f z (C~C + - C+C-) 



(66) 



(67) 



Us = 2. 9 2 (l-^) 



c+c-c+c- 



+ {cwC z + s w C A ){C+C- + C-C+)(c w C z + s w C A ) 



(68) 



It is important to point out that the terms Lfv2, £fS2, and Cf3 are not present when the FPM is used. The 
variations of the charged gauge-fixing functions are given by 



5f+ = D^C + + ig(c w C z + s w C A )(D^W + n + ^-W+^(d^C z ), 

cw 

Sf s =g T{ [ GwG ™ \ { ^ n + Gz) \ C+ _ * G z) G w(cwC z + s w C A )}, 



(69) 
(70) 



where Sf vs = (SfygY- These functions transform covariantly under the U e (l) group. As for the variations of the 
neutral functions, they are given by 



50 = DC Z + tgc w d f ,{W- f *C + - W +tl C-), 
Sfs = ym z (G+ C- + G W C+) - M- mz ^>C z , 
5f$ = UC A + ied lx {W~i J -C + - W+^C'). 



(71) 
(72) 
(73) 
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TABLE III: Trilinear couplings involving ghost fields. 



Coupling 



Vertex Function 



C ± C^h 



igmw^S0- a 



C ± C^G Z 

pT 



±2gmzCw 



-igm z ( 



C Z C Z H 
G z C z h 



2c w C /5- a 

l£22izl s . 



2 c 



C ± {P)C^(P)A^k) 
C ± (P)C^(P)Z,(k) 



±igsw I 1 + 



/'-[!-§ 



=R<?c w |(t^-|jp+[l 



JP-JP] 



C A (P)C ± (P)W^(k) 
C ± (P)C A (P)W^(k) 



iigsw- (l - |) (P + P) 



C z (P)C ± (P)W^(k) 
C ± (P)C z (P)W^(k) 



Tigcw 



Dp- 



IP 



TABLE IV: Couplings involving four ghosts. This class of couplings are arise as a consequence of using the BRST formalism. 



Coupling 


Vertex Function 


Coupling 


Vertex Function 


c+c-c+c- 


2^(1-2) 






C Z C ± C T C A 


2ig 2 (l - j)s w c w 


C A C ± C T C Z 


2ig 2 (l - j)s w c w 


C A C ± C T C A 


2ig\l-\)s 2 w 


C Z C ± C T C Z 


2ig 2 (\-\)c 2 v 



We can see that the complete ghost sector is invariant under the U e (l) group. This gives rise to some vertices 
which arc not present in a linear gauge. For instance, the vertex C ± C^ 77 is a direct consequence of /7 e (l)-gauge 
invariance. It is clear thus that the ghost fields satisfy QED-like Ward identities, which can simplify considerably 
some loop calculations. Since this sector is strongly affected by the nonlinear gauge-fixing procedure, we present all 
the Feynman rules. They are given in Tables [Till IIV[ fVl and I VII In these Tables, all the momenta are token incoming. 



IV. SUMMARY 



In this paper, we have presented a nonlinear gauge for the two Higgs doublet model based in the BRST symmetry 
and covariance under the electromagnetic gauge group. This gauge-fixing procedure allows one to remove of the theory 
the unphysical vertices WG w j, WG W Z, HWG wl , hWGwl, G z WG w ~f, HWG W Z, hWG w Z, and G Z WG W Z. 
Due to the covariance of the gauge-fixing procedure under the electromagnetic gauge group, all the charged particles 



TABLE V: Couplings generated by two ghosts and two scalar fields. This class of couplings are absent in conventional linear 
gauges. 



Coupling 


Vertex Function 


Coupling 


Vertex Function 


C ± C A G^H 


^^-2)s w c l3 . ct 


G A C ± G^ r H 


— ig 2 s w cp- a 


C ± C A Gl r h 


— 2)s W S{3-a 


G A C ± G% / h 


—ig 2 s w s l 3- a 


G C G^rGz 


T sl^-2)s w 


G G GyyGz 


±g 2 s w 


G ± C Z G% / H 


— 2)c W Cf3- a 


G Z C ± G% / H 


—ig 2 CwCf3- a 


G ± C z G% / h 




G z C ± G^h 


-ig 2 c w sfj- a 


G C z G^rGz 


T sl(^2)c w 


G Z C GyyGz 


±g 2 c w 


G ± C T HH 




G ± C T hh 


2 °8-a 


G ± C T Hh 


2 C(i — a& fi — a 


C C^GzGz 


2 




7. 
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TABLE VI: Quartic couplings generated by two ghosts and two vector bosons. This class of couplings are absent in conventional 
linear gauges. 



Coupling 


Vertex Function 


Coupling 


Vertex Function 


C ± C^Z I1 A V 


ig 2 twC2wgy,v 






C A^A-v 


2ig 2 s 2 v g lxv 


C ± C*Z IX Z V 


-2ig 2 s 2 v g lxv 


C A C ± A„W? 


-2i'2'2 _ 

~£~9 s w9^v 


C ± C A A„W^ 1 


-<(S-2) 2 2 

£ 9 s w9^v 


C A C ± Z»W? 


^jr g 2 s w~tw g 


C ± C A Z^W^ 


i(t-2) 2 2 + 

j 9 s w z wg^v 


C Z C ± Z„W^ 1 


2% 2 /2 

~9 b w9nv 


C ± C Z Z I1 W^ 


i(t-2) 2 2 

£ 9 s w9tiv 


C Z C ± A^ 


— 2i 2 

—£-g swcwg^v 


G ± C Z A^ 


~' ( |~ 2) g 2 s w c w g^ 



of the model satisfy simple Ward identities, which greatly simplifies the loop calculations. This type of gauges are 
particulary useful in calculating loop processes that involves at least an external photon. The main advantages are: 
(a) the number of Fcynman diagrams for a given process reduces considerably with respect to those appearing in 
conventional linear gauges, (b) each type of charged particle circulating in the loop generates by itself electromagnetic 
gauge invariance, and (c) for those one-loop processes that are free of ultraviolet divergences, such as interactions 
among neutral particles and photons, the cancelation of divergences also occurs in a simple way through of subsets of 
diagrams involving the same type of charged particle. The Feynman rules for the new vertices arising in this gauge, 
as well as for those already present in conventional linear gauge but that are modified by this gauge-fixing procedure, 
are presented. 
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